ABSTRACT: This minireview highlights the unusual coordination geometries observed in bimetallic complexes of mercury, thallium, lead and bismuth. These bimetallic complexes remain scarce and through an analysis of their X-ray structures, the various structural features that favorise them will be underlined.
INTRODUCTION
Various metalloporphyrins and isomers are widely found in Nature in order to achieve very precise reactivities.
Together with structural variations of the macrocycle such as reduction in chlorin or contraction in corrole, electron or methyl group transfers are efficiently catalyzed [1] . However, one must admit that the regular porphyrin ligand is the base of cofactors in most hemoproteins. Where it is obvious that the ligand itself (free-base porphyrin) is useless for reactivity, all the metalloporphyrins known in Nature are monometallic, that is one metal cation associated with one porphyrin. In some very particular biological cases, one additional binding site above the porphyrin coordination site is supplied to maintain a redox-active metal cation in close proximity of heme [2] . These particularities fully justify why so much work has been devoted to the synthesis, characterization and reactivity of biomimetic heme models [3, 4] .
Besides its regular tetradentate N4-core binding mode, the porphyrin ligand can also acts as a bi-, tri-, or hexadentate ligand as illustrated by Buchler with his classification of metalloporphyrins in the "Green Book" edited by Kevin Smith [5] . When the macrocycle acts as a hexadentate ligand, it was hypothesized that a bimetallic mononuclear complex was formed between mesoporphyrin IX dimethyl ester and rhenium(I) or technecium(I) salts [6] . The porphyrin acting as a bridging unit was also shown to exist in the case of TPP and mercury as well as TPP and thallium(I) salts by Smith and coworkers [7, 8] . These hypotheses have been confirmed later by XRD. As not being related to biological reactivity, these works have been remaining somewhat in the background until more recently, the possibility of preparing such bimetallic complexes was investigated with functionalized porphyrins rather than "naked" ones [9, 10] . As this type of complex is of interest in the design of new supramolecular coordination units, in this paper, we will review the bimetallic complexes that have been synthesized from lead, bismuth, mercury, and thallium and for which an X-ray structure has been reported. The "bimetallic" denomination is herein considered as a general interaction between one regular -non-alkylated-porphyrin unit and two metal cations.
A. LEAD DINUCLEAR PORPHYRIN COMPLEXES

Homobimetallic Complexes
Although several types of functionalized porphyrins have been designed to "encage" large cations such as lead, Xray structures of lead(II) porphyrins remain scarce [11, 12, 13, 14] . The very first X-ray of a homobimetallic lead(II) complex (1Pb 2 ) was reported only in 2007 [15] . It was obtained by the room temperature metalation with lead acetate of bis strap porphyrin 1 which delivers an overhanging carboxylic acid on each side of the macrocycle (Scheme 1), followed by precipitation. As we will see later, it has been shown that the same result was achieved by a metallation using an excess of lead nitrate. In proton NMR spectroscopy, this free-base porphyrin 1 being chiral (C 2 -symmetry) exhibits 2 singlets of 2 protons each for the aromatic protons of the strap labeled a and b (see scheme 1, left).
Unexpectedly, the proton NMR spectrum of the resulting lead complex indicates that the two sides of the macrocycle are identical as in the free-base porphyrin 1 with protons Ha and Hb appearing also as two singlets (5.9 and 5.5 ppm).
Additionally, the HRMS spectrum of this complex revealed a 2:1 ratio of lead and porphyrin. These results are consistent with the formation of a C 2 -symmetric homobimetallic lead complex 1Pb 2 and this hypothesis was confirmed by the resolution of its X-ray structure ( Figure 1 ) [15] . This type of complex implies two metal cations, one above and one below the plane of the porphyrin, bound to 3 adjacent nitrogen atoms from the porphyrin and 3 other bonds with 3 neutral or negatively charged axial ligands. At that time, this peculiar distribution had only been reported for monovalent metals such as Re and Tc as mentionned in the introduction and as Tl as reported by Smith [16] (will be discussed in section D) but was the first instance for a bivalent metal. Scheme 1. Synthesis of the first homobimetallic lead(II) porphyrin complex 1Pb 2 and dynamic behavior of the related complex 1 Pb .PbOAc
The macrocyle appears wave-distorted as a consequence of the tilting of two opposite and symmetrically related pyrrole rings (N1-pyrrole and opposite one) towards the lead cation to which it is bound. The angle of the pyrrole plane to the mean porphyrin plane (PyrN1-5MP, 24MP) is 11.03° where 5MP and 24MP stand for pyrrole and porphyrin mean planes composed of 5 and 24 atoms, respectively. Each lead cation remains in an unsymmetrical trigonal antiprism composed of 3 nitrogen atoms from the porphyrin N1, N2, N3, one mono-hapto carboxylate group O4 and two DMSO molecules O5 and O6. N2 and N3 atoms are bound to both lead cations with a distance of 2.787 and 2.648 Å, respectively while the N1-Pb bond as expected, is shorter (2.480 Å). Each lead cation lies 1.795 Å away from the 24MP. The two metal ions, distant of 3.598 Å to each other, are almost positioned over the centre of the porphyrin. Interestingly, DFT calculations were in agreement with a "stereochemically active lone pair of electrons" on each metal cation as some void could be identified in the distribution of bonds and some pockets of residual electron density were found in the vicinity of the lead cations pointing away from the oxygen and nitrogen ligands (hemidirected coordination sphere) [17] .
In the previous example, as the intramolecular carboxylate groups are part of the coordination sphere of each lead cation, the dinuclear complex can be rationalized as a result of the symmetry of the ligand. Thus, it was of interest to investigate the metalation of porphyrin 2 (scheme 2), the single strap counterpart of 1. Indeed, as porphyrin 2 has only one overhanging carboxylic acid group, a symmetrical dinuclear lead complex cannot exist. Scheme 2. Metalation of single strap porphyrin 2 by various lead salts (Ar = 3,5-dimethoxyphenyl)
The metalation reaction was monitored by proton NMR spectroscopy at room temperature and the addition of 1 equiv.
of lead chloride led to the instantaneous and quantitative formation of a new species (C s symmetry); the addition of an excess of this salt did not induce any further change. This observation is thus in favour of the formation of a monometallic complex. This metal insertion, achieved instantaneously at room temperature, indicates that in comparison with the same metalation with non functionalized porphyrins that requires hard conditions as reflux in pyridine, the binding is assisted by a deconvolution process of the metal carrier by the intramolecular carboxylate group [18] . Therefore, the metal has to be stereoselectively bound inside the cavity as represented for 2 Pb in scheme 2.
Furthermore, the fact that the X-ray structure of 3 Pb (3 being the precursor of 2, possesses two overhanging carbethoxy groups) clearly exhibits lead sitting inside the cavity is a supplemental and consistent observation for such a stereoselective deconvolution mechanism [19] . 
Heterobimetallic complexes
The bis-strap porphyrin 1 is obviously suitable for the coordination of trivalent cations as thallium(III) or bismuth(III) as these cations are known to form porphyrin complexes with a monohapto or bishapto axial ligand [21, 22] . As a matter of fact, its metalation with these two cations has already been reported and was achieved easily at room temperature. The X-ray structures of both bismuth complex 1 Bi [15] and thallium complex 1 Tl [23] have also been However, transition metals that exhibit square planar pyramidal coordination are expected to bind the N4-core of the porphyrin out of the plane as well but with a smaller displacement due to their smaller ionic radius. Investigations probing such a possibility have been carried out with bis strap porphyrin 4 (scheme 4). In the latter one of the two carboxylic acid group has been transformed in a butylamide group. Thus, it can be anticipated that in 4, only one side is suitable for a HAT-bound lead cation.
Initially, porphyrin 4 was designed to demonstrate a possible stereoselectivity in the incorporation of transition metals such as zinc or cadmium [24] . For instance, addition of 1 equiv. of Zn(OAc) 2 or Cd(OAc) 2 led instantaneously to the quantitative formation of the corresponding mononuclear complexes (scheme 4, first step). Interestingly, it was found that the 1 H NMR spectra of the metallated species were affected by the presence of a base (DIPEA) particularly the signals belonging to the amide alkyl chain as the NMR shifts experienced by these amide protons are useful to probe the side of the macrocycle on which the metal ion is located. Without entering into details, without any base, zinc or cadmium is incorporated into 4 on the side of the amide chain with the carbonyl of the amide group bound to the cation as a fifth ligand. This was confirmed by the X-ray structure of 4 Zn . In this notation, arbitrarily, the amide strap is drawn as the bottom one and the carboxylic acid is represented as the top strap. Thus the metal written in subscripted letters indicates that it is bound to the overhanging amide group whereas, written in superscripted letters, shows its binding to the carboxylic acid group.
Additionally, when DIPEA is added to the solution of 4 Zn (or 4 Cd ), the intramolecular carboxylic acid is deprotonated in a carboxylate group, a better electron-donating group than the amide group, inducing the migration of the N4-bound metal from the other side (that of the amide group) to its own side (scheme 4, vertical equilibrium). This change of stereoselectivity from 4 Zn to 4 Zn is fully reversible and controlled by the acid-base conditions. The fact that 4 Zn and 4
Zn exist in a fast exchange regime on the NMR time scale while the metallated species and the free base are observed in a slow exchange regime rules out a switching process going through demetalation (and hence via the free base porphyrin). Thus, this inversion of stereoselectivity is achieved by a through-the-ring motion of cations such as zinc or cadmium.
The next step (scheme 4, second step) consisted of addition of 1 equiv. of Pb(OAc) 2 to the related complexes 4 Zn (or 
B. BISMUTH DINUCLEAR PORPHYRIN COMPLEXES
Homobimetallic Complexes
Having isolated and fully characterized 1 Bi .PbOAc, it was very tempting to treat 1 Bi with an excess of Bi(OAc) 3 to probe if the HAT coordination mode was only obtained with a lead(II) cation or if it could be extended to another metal.
Indeed, Bi(III) being isoelectronic of Pb(II) and exhibiting a stereochemically active lone pair as well, was the perfect candidate [20] .
When using Bi(OAc) 3 , well resolved proton NMR spectra were observed ( Figure 5 ) and a mixture of two complexes was obtained with the ratio of these species depending on the presence of a base. In the presence of DIPEA, addition of an excess of bismuth acetate to 1 Bi led to a 95:5 ratio of these new complexes (Figure 5b , black and white triangles).
The major species (black triangles) displays a dissymmetric NMR pattern, with highfield shifted singlets at δ = 0.39 and amide NH protons, due to H-bonding interactions of the HAT acetate counteranions with one of the amide groups of the strap, confirms the proposed structure. Therefore, in this C 2 -symmetric complex named 1(BiOAc) 2 (see chemical structure in Figure 5c ), the NMR data indicate the binding of a BiOAc moiety on both sides of the porphyrin.
As in complex 1 Pb .PbOAc, it was found that each bismuth(III) cation in 1 Bi .Bi(OAc) 2 exchanges its coordination mode, that is adopts alternatively the HAT and OOP coordination modes as proven by exchange correlations between the signals of the "C 2 symmetrically related" protons of the two straps. This exchange is achieved via an intramolecular mechanism involving equilibria with 1(BiOAc) 2 2 grown from a chloroform/cyclohexane mixture confirmed the homodinuclear nature of this species. In the latter coexist two bismuth atoms with only one of them directly bound to the N-core of the porphyrin ( Figure 6 ). The latter, bismuth cation Bi1, is similar to its counterpart observed in 1 Bi . Bi1 is seven-coordinate 1.310 Å out of the 24-atom porphyrin mean plane (24MP) with an average N-Bi bond length of 2.375 Å. It is worth to note that its distance to the 24MP is the same than that in 1 Bi (1.309 Å) but different than that in 1 Bi .PbOAc (1.559 Å). Whether it is due to a difference in the size of these two cations or the difference in the activity of their lone pair is still to be investigated [25, 26] . Bi1 is also bound to a hanging carboxylate group of the strap in a mono-hapto fashion (O1-Bi, 2. Indeed, it is bound in a bis-hapto mode to the overhanging carboxylate group (O3/O4) and to two acetate counteranions (O5/O6 and O7/O8). The latter are maintained by hydrogen bonds with the amide groups of the strap (N5-O5, 2.912 Å and N8-O7, 2.837 Å). The plane of each acetate group is almost perpendicular to that of the intramolecular carboxylate group, thereby defining a strongly hemidirected coordination sphere of Bi2 with an inward orientation. In light of this dinuclear bismuth structure and together with the previously reported structure of the dinuclear lead complex 2 Pb .PbOAc, the HAT coordination mode appears quite versatile with a coordination site composed of a carboxylate group dangling over the concave face a dome-shaped metalloporphyrin, with a crucial role of the second coordination sphere brought by the strap itself. 
Heterobimetallic complexes
The only heterobimetallic bismuth porphyrin complex characterized in the solid state by an X-ray structure was obtained with lead as 1 Bi .PbOAc and has been discussed in section A2.
C. MERCURY DINUCLEAR PORPHYRIN COMPLEXES 1. Homobimetallic Complexes
When octaalkyl porphyrins such as aetioporphyrin or coproporphyrin are metalated by mercury acetate in pyridine, a regular one-to-one complex is obtained. At the opposite, if the same reaction is performed in methylene chloride or THF, the proton NMR spectrum of the resulting complex exhibits an upfielded singlet around 0 ppm accounting for 3 protons per porphyrin. This signal is consistent with an acetate group residing in the anisotropic ring-current of the porphyrin. The elemental analysis suggested a composition of two porphyrins, three mercury atoms, and two acetate functions, consistent with a double-sandwich trimetallic structure AcO-Hg-Por-Hg-Por-Hg-OAc [27] . A third type of complex is obtained under the same experimental conditions with tetraphenylporphyrin (TPP). Indeed, because of steric reasons, the "double-sandwich" structure was not stable enough and, on the evidence of elemental analysis, a true symmetric homobimetallic mercury complex was proposed [28, 29] . In this complex, formally, a HgOAc is coordinated on each side of the macrocycle via one σ-bond and one π-bond ( Figure 7 ) [30] , leading among others to a sharp singlet of 6 protons at 0.56 ppm on the proton NMR spectrum. In the absence of X-ray structure, this type of bimetallic complex has been very useful to investigate metal transfer processes that occur during demetalation.
Fig. 7.
Chemical structure of the first bimetallic mercury complex TPP(HgOAc) 2 proposed by Smith
Since this pionering work of Smith, no other example of dinuclear complexes have been reported with naked or non functionalized porphyrins. However, more recently, the coordination chemistry of bis strap porphyrin 1 towards mercury was investigated [31] . First, when 1 was metalated with a 3 equivalent excess of mercury acetate, the resulting mercury complex was isolated by precipitation with pentane and its elemental analysis revealed a 1:2 1/Hg stoichiometry, consistent with a dinuclear complex, named 1Hg 2 . An X-ray structure of the latter complex was obtained and is represented in Figure 8 . The structure reveals a dinuclear complex with a mercury ion coordinated out of the plane on each side of the macrocycle. 1Hg 2 is not symmetric at all as the two metal ions are located in two different environments. The two sides of the porphyrin mainly differ not only by the conformation of the two straps, the strap with Hg1 being more twisted than the strap with Hg2, but also by the out-of-plane position of Hg1 and Hg2 that are located 1.733 Å and 1.408 Å from the 24-atom mean plane, respectively. At first glance, the metal ions appear to be in a trigonal antiprismatic coordination polyhedron, Hg1 being six-coordinate but Hg2 being five-coordinate. For Hg1, the polyhedron is composed of three nitrogen atoms from the porphyrin (N1, N2, N3), one monohapto carboxylate group (O1) and two DMSO molecules from the solvent of crystallization (Os1 and Os3). In the case of Hg2, this polyhedron incorporates only one DMSO molecule but is also described by three nitrogen atoms from the macrocycle (N1, N3, N4), one monohapto carboxylate group (O2) and one DMSO molecule (Os2) (Figure 8 ). Each mercury atom exhibits two short bond distances, one with a nitrogen atom of the porphyrin and the other with an oxygen atom of the hanging carboxylate function (Hg1-N2 = 2.133 Å, Hg1-O1 = 2.070 Å, Hg2-N4 = 2.165 Å and Hg2-O2 = 2.100 Å). All the other contacts are much longer and should be considered mainly as electrostatic interactions with both the nitrogen atoms of the porphyrin and the oxygen atom of the DMSO molecules. Moreover, the angles O1-Hg1-N2 and O2-Hg2-N4 are close to 180° (166.2° and 161.3°, respectively). Therefore, a linear coordination (14-electron ML 2 -type complex) is a better description for both mercury atoms in the complex 1Hg 2 . Actually, the X-ray structure of 1Hg 2 can be seen as a faithfull picture of the structure of TPP(HgOAc) 2 proposed some fourty years before by Smith ( Figure 7 ) [30] .
In solution the coordination behavior of 1 is interesting as well. In proton NMR spectroscopy (CDCl 3 , 298 K) both the free base and the isolated 1Hg 2 complex display a C 2 symmetrical pattern. The β-pyrrolic protons appear as two doublets and two singlets, and the four protons labeled H a and H b (scheme 1) resonate as two singlets showing that in both cases the two straps are equivalent. Insights into the formation of the bimetallic complex came from titration experiments both in the presence of base and without any base. As porphyrin 1 bears an overhanging carboxylic acid group on each side, it was reasonned that the presence of a base could influence the metalation process. Titration of 1 by Hg(OAc) 2 was performed in a low-coordinating medium (CDCl 3 /CD 3 OD 9:1) in the presence of diisopropylethylamine (DIPEA). A two-step process leading finally to 1Hg 2 was observed, with the formation of an intermediate species of apparent C 2 symmetry consistent with the mononuclear complex 1Hg. The C 2 symmetry of the NMR pattern of 1Hg is rather surprising as one would have expected a differentiation of the two straps due to the outof-plane coordination of Hg II as reporetd elsewhere [32] . As a result, this observation implies a fast exchange process on the NMR time scale of the Hg II ion between the two sides of the ligand. However, when the titration was performed without any base, a single step process leading to 1Hg 2 was observed and the intermediate mononuclear complex was not detected. This denotes a highly cooperative insertion of the two metal ions with an overall strong binding. This positive cooperativity can be rationalized by a low stability of the mononuclear complex in the absence of a base.
Indeed, as in 1Hg the mercury ion must be four-coordinate to the N 4 -core of the macrocycle, the overhanging carboxylic groups of the straps can protonate the complex which hence becomes relatively unstable. Conversely, in 1Hg 2 both carboxylate groups being involved in the mercury coordination, the intramolecular protonation is no longer possible.
Heterobimetallic Complex
In the course of the previous titration experiment, in the presence of DIPEA, a mononuclear mercury(II) complex was formed. This implies that formally, if a second equivalent of another, properly chosen, metal salt is added, a heterobimetallic complex including one mercury cation could be isolated. In fact, the metalation reaction monitored by proton NMR spectroscopy was thus performed in the presence of 15 equiv. of DIPEA by addition of 1 equiv. of Pb(OAc) 2 to 1 followed by 1 equiv. of Hg(OAc) 2 [33] . 
D. THALLIUM DINUCLEAR PORPHYRIN COMPLEXES 1. Homobimetallic Complexes
On the one hand, the first X-ray structures of mononuclear thallium(III) porphyrins were reported in 1977 by Smith [34] as well as Henrick [35] for OEP and TPP, respectively. On the other hand, since the initial work of Rothemund relative to the incorporation of thallium(I) into a porphyrin, thallium(I) porphyrins were forsaken as considered unstable [36] . However, in 1980, Smith, again, reported the synthesis of thallium(I) complexes of both OEP and TPP [37] . The complexes were obtained by treatment of the free base by thallium(I) ethoxide in THF as stable and pure precipitated compounds, based on elemental analysis which indicated bis-thallium complexes ! Upon further analysis of their proton NMR spectra which showed no evidence of non-equivalence of the two sides of the porphyrin, the authors proposed a symmetrical structure bearing a thallium(I) cation singly bound to the N-core on each side of the porphyrin (Figure 10 The coordination geometry of each thallium ion in this complex appears as a distorted trigonal bipyramid. As the apical positions are occupied by N1 and O, and two of the equatorial sites by N2 and N2', it was concluded that the lone pair of Tl(I), obviously stereochemically active in this case, occupies the third equatorial site. To the best of our knowledge, this X-ray structure remains the unique instance of a homobimetallic Tl(I) porphyrin complex. Considering the previous work of Smith [16] about the metalation by thallium(I) salt, it was also of interest to metalate porphyrin 1 with TlOAc. Thus, this metalation was achieved in the same conditions than for thallium(III) salt, in CDCl 3 /CD 3 OD solution and in the presence of DIPEA. A mixture of two species was obtained with 5 equiv. of TlOAc.
At 298 K, the major one displays an ill defined spectrum whereas a well resolved C 2 -symmetric signature is observed for the minor one (scheme 7, left vertical equilibrium). A similar titration experiment done by UV-visible spectroscopy indicates that the major species presents a Soret band slightly red shifted as compared to 1 (430 vs. 421 nm), whereas that of the C 2 -symmetric species is observed at 488 nm. These data are in agreement with those reported by Smith [16] and consistent with a mixture of two bimetallic complexes, namely 1.2Tl(I) and 1Tl(I) 2 , for which the two Tl(I) are bound respectively in a fast exchange regime to the strap (HAT) and in a slow exchange regime to the N-core (OOP).
Unfortunately, no X-ray structure of any of these two complexes have been obtained, so far. Nevertheless, an intriguing photo-redox process requiring dioxygen (ambient atmosphere) leads to the transformation of the previous mixture of thallium(I) bimetallic complexes in the mixed valence complex 1 Tl(III) .Tl(I) (scheme 7, bottom line).
Heterobimetallic Complexes
Although mercury(II)-thallium(I) heterobimetallic complexes have been very recently investigated in solution with bis-strap porphyrin 1 and were shown to undergo spontaneous Tl(I)-to-Tl(III) oxidation [38] , to date, the only known X-ray structure is that of (OEP) 2 Pr(III)Tl(I) [39] . It describes a very peculiar complex in which praseodymium(III) is sandwiched between two OEP units while a thallium(I) cation is bound to the N core of one of the two porphyrins on the other side, with a Pr-Tl distance of 3.514 Å (Figure 12 ). This complex is heterobimetallic and dinuclear, but can be regarded as a mononuclear complex from the point of view of the thallium coordination as the latter is linked to a single porphyrin unit with one N2-Tl bond shorter than the three others. In that compound praseodymium(III) and thallium(I) ions are located on opposite sides of one of the two porphyrin rings. 
